Although it is generally agreed that TCR ligation is a minimal requirement for negative selection in the CD4/8 double-positive (DP) thymocyte subset, the costimulatory requirements and specific signaling events necessary to induce apoptosis are not well defined. We have explored the consequences of cross-linking CD3/TCR complexes on thymocytes from H-Y TCR transgenic (Tg) mice. In agreement with previous reports, we demonstrate that culturing DP thymocytes with plate-bound anti-TCR antibody induces downregulation of CD4 and CD8 and upregulation of CD69 expression. Nevertheless, the activated cells did not undergo apoptosis, as determined by viable cell recoveries and by quantitation of DNA fragmentation using the TUNEL assay. However, specific depletion of the DP subset occurred within 24 hr when thymocytes were incubated in the presence of both anti-TCR and the immunosuppressant cyclosporin A (CsA). CsA also induced depletion of anti-CD3 stimulated normal DP thymocytes. Using mice homozygous for the lpr or gld mutation, we also have shown that Fas/Fas ligand interactions are not involved in the CsA-induced death of TCR-stimulated DP thymocytes. These data verify that TCR cross-linking alone is insufficient to induce apoptosis of DP thymocytes and further suggest that TCR stimulation activates a CsA-sensitive protective pathway that interferes with signaling events leading to apoptosis in DP thymocytes.
INTRODUCTION
Intrathymic T-cell development is the consequence of an orderly series of molecular events initiated by contact between bone marrow derived precursors and thymic stromal cells. Discrete stages of the T-cell developmental process are defined phenotypically by expression of CD4 and CD8 coreceptors and the TCR/CD3 complex. Productive rearrangement of the TCR chain locus is a prerequisite for transition of immature CD4-8-double-negative (DN) cells to the CD4/8 double-positive (DP) stage via a CD4-81 intermediate (Nikolic-Zugic and Bevan, 1988 ; Mombaerts et al., 1992; Dudley et al., 1994) . Subsequent TCR0 gene rearrangement within the DP subset results in low-level expression of 0TCR/ CD3 complexes (Kearse et al., 1994) . The process of thymic selection operates on these TCR 1 DP cells to shape the final MHC-restricted TCR repertoire *Corresponding author. (Robey and Fowlkes, 1994) . Positive selection refers to the maturation of thymocytes expression TCRs that mediate low-affinity interactions with selfpeptides presented by self-MHC molecules (AshtonRickardt et al., 1994; Hogquist et al., 1994; von Boehmer, 1994) . The minor fraction of DP thymocytes that undergoes positive selection differentiates to either CD4-8 (MHC class I restricted) or CD4/8 (MHC class II restricted) mature singlepositive (SP) cells that express high levels of TCR/ CD3 complexes. In contrast, DP thymocytes expressing TCRs with high affinity for self-MHC/selfpeptide complexes undergo clonal deletion, a process referred to as negative selection (Fowlkes et al., 1988 ; Kisielow et al., 1988; Ashton-Rickardt et al., 1994) . Because most DP thymocytes fail to express TCRs that interact with self-MHC molecules, they are neither positively nor negatively selected. These "neglected" DP thymocytes have a short life span (~3.5 days) in vivo and undergo apoptosis when cultured in vitro (Robey and Fowlkes, 1994 ; Kishimoto et al., 1995) . Recently, direct evidence for thymocyte apoptosis in situ was obtained using a highly sensitive technique to detect DNA strand breaks, i.e., terminal deoxynucelotidyl transferase (TdT)-mediated labeling of nicked DNA with dUTP biotin (TUNEL) (Surh and Sprent, 1994 (Swat et al., 1991; Iwabuchi et al., 1992; Vasquez et al., 1992) . Cellular depletion also has been induced by antibody-mediated ligation of the TCR/CD3 complex. Anti-CD3 administered in vivo or in fetal thymic organ cultures results in thymocyte death associated with DNA degradation (Smith et al., 1989; Shi et al., 1991) . However, there are conflicting reports concerning the requirement for APCs in anti-CD3-induced apoptosis in vitro. Although some studies conclude that antibody-mediated TCR cross-linking alone is sufficient to stimulate DNA fragmentation and/or cell death (McConkey et al., 1989a; Carlow et al., 1992; Migita et al., 1994) , other groups report that anti-CD3-stimulated DP thymocytes fail to undergo apoptosis in the absence of APCs, suggesting that, in addition to TCR engagement, a second signal is required fo induce apoptosis in the DP subset (Page et al., 1993; Punt et al., 1994; Kearse et al., 1995) .
Regardless of whether one or two signals are required, it is generally agreed that negative selection and anti-CD3-induced depletion of DP thymocytes are active processes triggered by an endogenous suicide mechanism. The apoptotic response of DP thymocytes is induced by lower affinity TCRpeptide/MHC interactions than are required to induce proliferation of mature T cells (Vasquez et al., 1994) . Nevertheless, tyrosine kinase activation, elevated intracellular calcium levels, and PKC activation have been found necessary to achieve anti-TCR or peptide/APC-induced apoptosis of DP thymocytes (McConkey et al., 1994; Migita et al., 1994; Vasquez et al., 1994) . Even in the absence of biochemical or morphological evidence of apoptosis, triggering DP thymocytes through the CD3/TCR complex induces phenotypic changes consistent with cellular activation. Thus, TCR ligation effectively reduces CD4 and CD8 levels while increasing CD5 and CD69 expression even when apoptosis is not a consequence of cross-linking the TCR complex (Page et al., 1993; Swat et al., 1993; Kearse et al., 1995) . These findings suggest that a TCR-mediated signal transduction pathway is operative in DP thymocytes regardless of whether the signal culminates in DNA fragmentation and cell death.
In the present study, we utilized transgenic mice expressing a TCR that is specific for the H-Y male antigen presented by H-2 b class I molecules to further explore signal requirements for apoptosis in DP thymocytes (Kisielow et al., 1988) . The fraction of transgenic CD4/8 cells containing fragmented DNA after incubation with anti-TCR0 chain antibody was quantitated using the TUNEL assay (Gorczyca et al., 1993 ; Kishimoto et al., 1995 Page et al., 1993; Migita et al., 1994; Punt et al., 1994; Kearse et al., 1995) . To further explore this issue, we employed the TUNEL assay, which has been shown to be more sensitive than other methods for detection of DNA fragmentation (Kishimoto et al., 1995 (Kishimoto et al., 1995) . Similarly, 24% of the DP thymocytes incorporated b-dUTP after incubation in the presence of plate-bound T3.70 antibody. Taken together, the data in Fig. 1 (Ogasawara et al., 1995) . We utilized the mutant lpr mouse strain, which is deficient in Fas expression (Watanabe-Fukkunaga et al., 1992) , as well as the mutant gld (Takahashi et al., 1994) (Fig. 4 and data Cairns et al., 1993; Curnow and Schmitt-Verhulst, 1994 (Urdahl et al., 1994) . This apparent discrepancy may be due to the fact that CsA not only adversely affects lymphocyte activation, but also inhibits accessory cell function. In this regard, CsA treatment of splenic APCs inhibits their costimulatory activity in vitro (Cairns et al., 1993) , and ultrastructural studies show that CsA damages thymic reticuloepithelial cells in vivo (Fabien et al., 1992 (Iwabuchi et al., 1992; Page et al., 1993; Punt et al., 1994) , the potentiating effect of CsA on DNA fragmentation is not apparent under these conditions. Wang and colleagues reported that although CsA inhibits positive selection, it fails to inhibit DNA fragmentation induced in thymocytes by anti-TCR or superantigen in the presence of accessory cells (Wang et al., 1995 (Schreiber and Crabtree, 1992) . Calcineurin activity is required for activation of NF-AT and expression of c-rel, two DNA-binding proteins that regulate transcription of IL-2 and IL-2-receptor 0-chain genes, respectively (McCaffrey et al., 1993; Venkataraman et al., 1995) . Perhaps calcineurin activates transcription factors that regulate genes, encoding proteins that inhibit DNA fragmentation, thereby protecting activated DP thymocytes from undergoing apoptosis. Inactivation of calcineurin by CsA could result in abrogation of this protective pathway, permitting apoptosis to proceed. Alternatively, calcineurin is also known to affect other targets including substrates of cAMP-dependent kinases (Cohen, 1989) .
Previous reports have shown that stimulation of normal thymocytes with PMA or calcium ionophore induces DNA fragmentation, whereas costimulation with appropriate concentrations of both reagents fails to do so (Kizaki et al., 1989; McCarthy et al., 1992; Cairns et al., 1993) The addition of CsA to PMA plus ionophore-treated thymocytes reverses the protective effect, resulting in increased DNA fragmentation (McCarthy et al., 1992; Cairns et al., 1993) . These observations suggest that apoptosis is a potential consequence of either PKC activation or increased intracellular calcium concentration, but that DNA fragmentation is inhibited by an active process induced by a combination of PKC and calciummediated signals. Although the effect of TCR ligation on surface marker expression was not determined, the same report showed that CsA-induced apoptosis induced in thymocytes incubated with plate-bound anti-CD3 antibodies (Cairns et al., 1993) . However, the extent of DNA fragmentation was low compared to our data, an inconsistency that is likely due to the greater sensitivity of the TUNEL assay used in the present investigation. Based on the current work and previous reports cited above, we suggest that triggering DP thymocytes via TCR ligation activates a signal transduction pathway(s) similar to that induced by coincubation with PMA and ionophore, implying that both PKC and calcium play a role in the anti-CD3-induced pathway that prevents manifestation of activation-induced apoptosis. Furthermore, the apoptotic pathway that is stimulated in DP thymocytes by TCR ligation in the presence of CsA requires protein synthesis, as demonstrated by the finding that CHX effectively blocks DNA fragmentation.
In keeping with the notion that mature and immature thymocytes are distinguished in part by variations in signal transduction circuitry, it is interesting to note that, as in the DP subset, CsA prevented anti-TCR-induced CD69 expression on mature CD4-8 thymocytes from H-Y transgenic mice (data not shown). Nevertheless, in contrast to the DP subset, the CD4-8 subset was resistant to apoptosis induced by stimulation via the TCR in the presence of CsA. Similar results were obtained for normal SP thymocytes stimulated with anti-CD3 in the presence or absence of CsA. These data suggest that as thymocytes undergo intrathymic maturation, TCR ligation fails to trigger the same apoptotic pathway that is induced in the DP subset or that the protective factor(s) preventing TCR-stimulated apoptosis is constitutively produced and not subject to CsA-mediated repression. In this regard, it will be interesting to determine if members of the bcl-2 family play a role in this process because bcl-2 has been shown to inhibit apoptosis induced in thymocytes by a variety of agents, including radiation, glucocorticoids, and in vivo injection of anti-CD3 (Sentman et al., 1991; Strasser et al., 1991; Siegel et al., 1992) . Another molecular mechanism that is associated with activation-induced cell death in thymocytes is the signal transduction pathway induced by Fas/FasL interaction. Since anti-Fas antibody induces DNA fragmentation and cell death in DP thymocytes (Ogasawara et al., 1995) (Swat et al., 1993) , the TCR-activation pathway is coupled to inducibility of CD69 expression prior to positive selection. The present data also demonstrate that upregulation of CD69 expression and downregulation of CD4 and CD8 expression are achieved by TCR ligation in the absence of additional signaling events. However, there is continuing controversy concerning the issue of whether a second signal, in addition to TCR cross-linking, is required for induction of apoptosis in DP thymocytes (McConkey et al., 1989a; Carlow et al., 1992; Page et al., 1993; Migita et al., 1994; Punt et al., 1994; Kearse et al., 1995) . The present data support the notion that TCR ligation alone is insufficient to stimulate activation-induced DNA fragmentation in DP thymocytes. APCs have been shown to effectively provide costimulatory signals that induce deletion of antigen or anti-TCR-activated thymocytes (Iwabuchi et al., 1992; Page et al., 1993 (Accepted February 14, 1996) 
